Deficient neuron-microglia signaling during brain development is associated with abnormal synaptic maturation. However, the precise impact of deficient microglia function on synaptic maturation and the mechanisms involved remain poorly defined. Here we report that mice defective in neuron-to-microglia signaling via the fractalkine receptor (Cx3cr1 KO) show reduced microglial branching and altered motility and develop widespread deficits in glutamatergic neurotransmission.
branching and altered motility and develop widespread deficits in glutamatergic neurotransmission.
We characterized the functional properties of CA3-CA1 synapses in hippocampal slices from these mice and found that they display altered glutamatergic release probability, maintaining immature properties also at late developmental stages. In particular, CA1 synapses of Cx3cr1 KO show (i) immature AMPA/NMDA ratio across developmental time, displaying a normal NMDA component and a defective AMPA component of EPSC; (ii) defective functional connectivity, as demonstrated by reduced current amplitudes in the input/output curve; and (iii) greater facilitation in the paired pulse ratio (PPR), suggesting decreased release probability. In addition, minimal stimulation experiments revealed that excitatory synapses have normal potency, but an increased number of failures, confirming a deficit in presynaptic release. Consistently, KO mice were characterized by higher number of silent synapses in comparison to WT. The presynaptic deficits were corrected by performing experiments in conditions of high release probability (Ca 2+ /Mg 2+ ratio 8), where excitatory synapses showed normal synaptic multiplicity, AMPA/NMDA ratio, and proportion of silent synapses. These results establish that neuron-microglia interactions profoundly influence the functional maturation of excitatory presynaptic function.
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| INTRODUCTION
Increasing evidence points to a relevant role of microglia in brain development and in shaping neural circuits. Microglial cells are highly dynamic, continuously extending and retracting their processes to monitor the brain parenchyma (Nimmerjahn, Kirchhoff, & Helmchen, 2005) , and directly contacting neuronal elements (Wake, Moorhouse, Jinno, Kohsaka, & Nabekura, 2009 ). These contacts have been shown to depend on neuronal activity (Wake et al., 2009 ) and may be associated with an action of microglia on synapse formation, elimination and/or maturation. It is known that during development, microglia contribute in remodeling the synaptic circuits (Schafer et al., 2012; Tremblay, Lowery, & Majewska, 2010) and plasticity (Parkhurst et al., 2013) and are involved in the pruning of supernumerary synapses, directly participating in the elimination of synapses by the phagocytosis of neuronal elements Schafer et al., 2012) . In addition, it has been shown that microglia contribute to learning-induced synapse formation in the motor cortex, through brain-derived neurotrophic factor (Parkhurst et al., 2013) and promote the formation of new synapses in the developing somatosensory cortex (Miyamoto et al., 2016) .
It is also known that the failing of specific neuronal microglia signaling pathways, in particular, the deficiency of the microglial fractalkine's cognate receptor, CX3CR1, may give rise in the hippocampus to transiently reduced microglia numbers, delay in synaptic development , decrease of functional brain connectivity, deficits in social interaction, and reduction in multisynaptic boutons (Zhan et al., 2014) . In addition, deficiency of the microglial receptor CX3CR1 causes a delay in postnatal development of thalamo-cortical synapses in the barrel cortex (Hoshiko, Arnoux, Avignone, Yamamoto, & Audinat, 2012) .
Overall, these results argue that microglia play a key role specifically during brain development under physiological conditions, in addition to their known role in bridging inflammatory processes and environmental disturbances to neurodevelopmental disease (Mosser, Baptista, Arnoux, & Audinat, 2017) . It is, therefore, particularly important to define the mechanisms through which microglia affect synaptic maturation during brain development.
In this study, we analyzed the impact of neuron-microglia signaling via the CX3CL1/CX3CR1 chemokine system on glutamatergic synaptic transmission in the mouse hippocampus. We previously reported a permanent reduction of synaptic multiplicity at hippocampal synapses in Cx3cr1 knockout mice Zhan et al., 2014) . Here we show that CA3-CA1 synapses fail to carry out key steps in synaptic maturation, maintaining immature synaptic properties until late developmental stages, and in particular showing a reduced efficiency of synaptic transmission and low AMPA/NMDA ratio. Moreover, we demonstrate that these electrophysiological deficits are the result of impaired synaptic transmission at the presynaptic level, leading to the formation of poorly reliable synapses. Our results highlight a specific requirement for microglia-neuron signaling in the functional maturation of presynaptic properties.
| MATERIALS AND METHODS

| Animals
Procedures using laboratory animals were in accordance with the Ital- 
| Immunohistochemistry and confocal microscopy
Mice were transcardially perfused with PBS and then 4% paraformaldehyde (PFA). Whole brains were rapidly removed and post-fixed overnight in 4% PFA at 4 C and incubated for 24 h in 30% sucrose solution at 4 C. Brains were stored at −80 C until sectioning. Frozen brains were cut into 40 μm horizontal sections (Leica cryostat) and mounted onto glass slides. Brain sections were previously treated with a citrate buffer for antigen retrieval and then blocked (3% goat serum in 0.3% Triton X-100) for 1 h at RT and incubated overnight at 4 C with Iba1 primary antibody (1:500) in PBS plus 1% goat serum and 0.1% Triton X-100; a fluorescent-labeled anti-rabbit IgG (1:250, AlexaFluor-633) was used as secondary antibody and Hoechst for nuclei visualization (1 h RT); after then, slices were mounted with a fluorescent mounting medium.
For morphological analysis of microglial cells, images were acquired in the CA1 stratum radiatum using an inverted confocal laser scanning microscope (FV10i Olympus) with a 40× water immersion objective and a z step of 0.5 μm. Fixed brain slices from perfused animals were immunolabeled for Iba-1 to visualize microglial cells. To obtain a comparable fluorescent signal in both genotypes, we chose not to take advantage of GFP fluorescence in Cx3cr1 KO mice. Consequently, we used a fluorescent-labeled secondary antibody with an emission spectrum that did not overlap with that one of GFP (AlexaFluor-633, max emission 647 nm, emission color far red).
Maximal intensity projections of Iba-1 confocal images were analyzed, to obtain morphological indicators of cell complexity. Image processing was performed using ImageJ software. Maximum intensity projections of z-series stacks were created. Only cells whose cell body and processes were fully contained in the slice were included in the analysis. The soma area was determined by drawing a line around the cell body, by using the freehand selection tool. The extent of microglia ramification was quantified by measuring the area circumscribed by the distal ends of each process, using the polygon selection tool (arborization area) (Tremblay, Zettel, Ison, Allen, & Majewska, 2012) .
For skeleton analysis, the maximum intensity projection was enhanced to visualize all microglia processes; this was followed by noise despeckling, to eliminate single-pixel background fluorescence. The resulting image was converted to a binary image and then skeletonized, using the corresponding plug-in in ImageJ. The skeletonized image was checked with the corresponding 3D stacks, to verify the physical continuity of cell processes, minimizing errors due to background signal. Total processes, endpoint and junction numbers were calculated from the skeletonized image.
| Electrophysiology
Acute hippocampal slices were obtained from 6-to 7-weeks-old mice, unless otherwise indicated. Animals were decapitated under halothane anesthesia. Whole brains were rapidly removed from the skull and immersed for 10 min in ice-cold artificial cerebrospinal fluid (ACSF), containing (in mM) KCl 2.5, CaCl 2 2.4, MgCl 2 1.2, NaHPO 4 1.2, glucose 11, NaHCO 3 26, and glycerol 250. The ACSF was continuously oxygenated with 95% O 2 and 5% CO 2 to maintain the physiological pH. Horizontal 250-μm-thick slices were cut at 4 C, using a Vibratome (DSK, Dosaka EM, Kyoto, Japan) and placed in a chamber filled with oxygenated ACSF containing (in mM) NaCl 125, KCl 2.5, CaCl 2 2, MgCl 2 1, NaHPO 4 1.2, NaHCO 3 26, and glucose 10. Before use, slices were allowed to recover for at least 1 h at room temperature (24 AE 1 C).
All recordings were performed at room temperature on slices submerged in ACSF and perfused with the same solution in the recording chamber. Spontaneous and evoked excitatory postsynaptic currents (EPSC) were recorded from CA1 pyramidal neurons at −70 mV, using a patch clamp amplifier (Axopatch 200A, Molecular Devices). Data were filtered at 2 kHz, digitized (10 kHz), acquired using pClamp 10.0 software (Molecular Devices), and analyzed offline using Clampfit = 1 mM, Mg 2+ = 2 mM, ratio 0.5), physiological P r (Ca 2+ = 2 mM, Mg 2+ = 1 mM, ratio 2), moderate P r (Ca 2+ = 3 mM, Mg 2+ = 0.6 mM, ratio 5), and high P r (Ca 2+ = 4 mM, Mg 2+ = 0.5 mM, ratio 8). Potency was defined as the mean amplitude of successful synaptic responses.
To determine the AMPA/NMDA ratio, stimulus strength was adjusted to obtain at −70 mV stable AMPA-mediated EPSC with an amplitude corresponding to the 50% of the maximum response. The NMDA current was recorded at +40 mV from the same neuron, using the same stimulus strength, after blocking the AMPA-mediated component with NBQX (10 μM). In the experiments, when AMPA/NMDA ratio was evaluated in relation to release probability (Ca 2+ /Mg 2+ = 2 and 8), NMDA evoked currents were recorded in NBQX-free solution.
In this case, NMDA peak amplitude was measured with a delay of 25 ms from the AMPA peak. For the evaluation of AMPA and NMDA failure rate, the stimulus intensity was set to obtain~40%-50% of AMPA failures in Ca 2+ /Mg 2+ = 2 and 10%-20% in Ca 2+ /Mg 2+ = 8, respectively. The coefficient of variation (CV) analysis was performed as previously described (Kullmann, 1994 image acquisition, and image processing were achieved using customized software Till Vision v. 4.0 (Till Photonics).
Microglial processes movement was monitored in the CA1 stratum radiatum by acquiring a fluorescent image every 10 s for 25 min.
Recorded time-lapse images of microglial process migration in brain slices were analyzed using the ImageJ "Manual Tracking" plug-in, as previously described (Pagani et al., 2015) . Briefly, stacks were initially background subtracted to optimize contrast. Track positions of single processes were transferred into a new coordinate system, in which the starting position of each track was set to the origin of the coordinate system (x = 0, y = 0). For each moving process (i), with position vector Ri[t], the change in position from one frame to the next (ΔRi [t]), and the instantaneous velocity (vi(t)) were given by ΔRi(t) = Ri(t + Δt) − Ri(t), and vi(t) = ΔRi(t)/Δt respectively, where Δt is the elapsed time among the two frames. The mean velocity of each process was calculated as <v> = dx/dt, expressed in μm/min, defining dx as the mean accumulated distance of each process i sampled within the time interval dt. Migration track length and displacement (the Euclidean distance of each track) of single processes was also analyzed using the "Manual Tracking" plug-in tool.
| Statistical analysis
All data are presented as mean AE SEM. Origin 6 and SigmaPlot 12 (Systat Software Inc., San Jose, CA) software were used for statistical analysis of morphological and electrophysiological data. Quantitative distributions of track parameters were analyzed with Origin 8 (OriginLab Co.) software. Statistical significances were determined by paired and unpaired t test, one-way and two-way ANOVA, as indicated; multiple comparison procedures were performed with HolmSidak post hoc. p values <.05 were considered significant.
3 | RESULTS
| Reduced microglia process branching and altered motility
Microglia morphology was assessed in the hippocampal CA1 stratum radiatum of P40 WT and Cx3cr1 KO mice. At this developmental stage, Cx3cr1 KO microglia display normal density and a partial recovery of functional properties (Pagani et al., 2015; .
However, subtle morphological changes in branching and/or distribution may affect microglia-neuron interactions.
Immunohistochemical analysis in fixed hippocampal sections from P40 mice showed that in Cx3cr1 KO mice microglia display altered morphology, while confirming normal density at this developmental stage Taken together, these data identify functional and morphological deficits in Cx3cr1 KO microglia and argue that microglial dysfunction in these mice is not restricted to the first weeks of postnatal life.
| Immature AMPA/NMDA ratio at CA3-CA1 hippocampal synapses
To examine potential persistent functional defects in synaptic function associated with deficient neuron-microglia signaling, we (Figure 3a) , respectively, to determine AMPA/NMDA ratio (Hoshiko et al., 2012) . Increased AMPA/NMDA ratio is a hallmark of mature synapses, as the proportion of postsynaptic AMPARs increases with development when compared to NMDARs (Hsia, Malenka, & Nicoll, 1998) . AMPA/NMDA ratio evaluated from the second to the fourth PNW was not significantly different between WT and Cx3cr1 KO (Figure 3c ). Remarkably, AMPA/NMDA ratio increased with development in WT mice, reaching its mature value around the 6th-7th PNWs. In contrast, in Cx3cr1 KO synapses AMPA/NMDA ratio did not change significantly during development, maintaining a low, immature value into adulthood (0.84 AE 0.15 in KO, compared to 2.68 AE 0.45 in WT during the seventh PNW; Figure 3c ). These results suggest that defective maturation in Cx3cr1 KO synapses leads to permanent dysfunction in the adult.
| Reduced input/output curve of the AMPA component
As the maturation of the NMDA component is a crucial step in synaptic development, we tested whether adult Cx3cr1 KO mice displayed normal NMDA responses. First, we observed that the NMDA component of EPSC (recorded at +40 mV membrane potential in the presence of NBQX 10 μM) did not show major differences in the input/ output curve between WT and KO mice at all the ages considered (Supporting Information Figure S2a-c) . Indeed, the amplitude of NMDAR-mediated responses increased similarly in the two genotypes at increasing stimulation intensity, reaching similar amplitudes. This indicated that the number/strength of functional NMDA-containing synapses is not affected by the absence of CX3CR1 signaling. It is known that developmentally controlled expression of NMDA receptor subunits leads to a shift toward a faster decay of adult NMDARmediated synaptic currents (Khazipov, Ragozzino, & Bregestovski, 1995) . We observed that this maturation process is preserved in Cx3cr1 KO mice. In fact, the decay time constants of NMDARmediated currents at CA3-CA1 synapses in KO mice were typically fast and indistinguishable from WT (Supporting Information and Cx3cr1 GFP/GFP mice (white). Cx3cr1 KO microglial processes showed a decrease in track length compared to HT (HT 8.85 AE 0.11 μm, n = 135/7/2, processes/fields/mice numbers, vs KO 7.93 AE 0.12 μm, n = 88/6/3; Student's t test; t = 5.51, ***p < .001). (d) Cumulative probability distribution of data represented in c (K-S test; z = 0.001, ***p < .001). (e) Bar graph representing the displacement of microglial processes in Cx3cr1 GFP/+ (grey) and Cx3cr1 GFP/GFP (white). Cx3cr1 KO microglial processes showed an increase in displacement compared to HT (HT 2.44 AE 0.03 μm, n = 135/7/2, vs KO 3 AE 0.05 μm, n = 88/6/3; Student's t test; t = −10.081, ***p < .001). (f ) Cumulative probability distribution of data represented in e (K-S test; z = 0.002, ***p < .001). All distances are indicated in micrometers. Mean AE SEM, processes/fields/ mice numbers [Color figure can be viewed at wileyonlinelibrary.com]
suggested that in adult Cx3cr1 KO mice, CA3-CA1 functional connectivity is lower, possibly due to a reduced number of functional synapses between Schaffer collaterals and CA1 pyramidal neurons or to a weakness of these synapses. Apart from the difference in amplitude,
EPSCs recorded in WT and Cx3cr1 KO did not show major differences and, in particular, were characterized by similar decay kinetics (t = −0.564, p = .574, t test; not shown).
It is known that synaptic maturation during postnatal life, that leads to the reinforcement of successful synapses, is associated with an overall increase in synaptic connectivity (Hsia et al., 1998) . Accordingly, when we compared I/O curves at different ages, we observed that WT mice showed a time dependent growth of peak currents, increasing roughly three times from the 3rd-4th to the 6th-7th
PNWs. Remarkably, this increase was absent in Cx3cr1 KO, showing similar peak amplitudes at the two time points (Figure 4d ). These findings indicate that in the absence of CX3CR1, postnatal hippocampal synapses fail in some stage of circuit maturation and refinement, leading to weaker synaptic connectivity in adulthood.
| Reduced presynaptic functionality
To explain the observed dysfunction in glutamatergic transmission in
Cx3cr1 KO mice, we analyzed excitatory synaptic currents (EPSCs) evoked in CA1 pyramidal neurons by paired stimulation of Schaffer collaterals. In this condition, we observed in Cx3cr1 KO mice a higher PPR (Figure 5a,b) , suggesting a presynaptic defect, associated to lower release probability. (Zhan et al., 2014) .
To better understand the behavior of CA3-CA1 synapses, we performed a detailed analysis of excitatory synaptic currents (Stevens & Wang, 1994) . As expected, in physiological medium (Ca 2+ /Mg 2+ ratio 2), the success rate of stimulation was low due to the relatively low release probability of CA3-CA1 synapses, with an increase observed at higher ratio. In particular, the failure rate significantly decreased in both genotypes, in parallel to the increase of Ca 2+ /Mg 2+ ratio (Figure 6b , c). However, comparing the two genotypes at physiological condition, we observed that Cx3cr1 KO mice showed higher number of failures (57.8 AE 6.5%) in respect to WT (33.4 AE 6.2%) and that this difference disappeared in conditions of high release probability (Figure 6b,c) .
In parallel, we analyzed the potency, the average peak amplitude of successes (Stevens & Wang, 1994) . We observed that in both genotypes, potency grew in conditions of increasing release probability (Figure 6d,e) , suggesting the engagement of multiple release sites (Isaac, Hjelmstad, Nicoll, & Malenka, 1996) . Remarkably, Cx3cr1 KO and WT did not show differences in potency under any of the tested conditions (Figure 6d ,e), indicating that there are no relevant postsynaptic differences in the two genotypes and that the number of release sites that can be activated by the minimal stimulation protocol is similar. Altogether, these results show that Cx3cr1 KO hippocampal synapses are characterized by a low release probability, indicating that synaptic defect is originated presynaptically. Unexpectedly, Cx3cr1 KO and WT did not show differences in decay of the NMDA response, displaying a similar blocking rate of NMDA receptors during repeated fiber stimulation (Supporting Information Figure S3 ). These data are only apparently in contrast with the difference in glutamate release probability estimated using AMPAmediated current recordings. Indeed, the low probability of glutamate release may not affect the activation of AMPA and NMDA receptors in the same way, due to the different affinity of the two receptors (Renger, Egles, & Liu, 2001 ). The most likely explanation is that Cx3cr1 KO mice exhibit an increased number of synapses where the release of glutamate is sufficient to activate high affinity
NMDARs, but not low affinity AMPARs. These data suggest that Cx3cr1 KO possess a number of AMPA-silent synapses, in which it is possible to evoke NMDA but not AMPA responses. AMPA silent synapses have been described in the immature CA1 region and disappear during postnatal development . The presence of these immature synapses could explain the persistence of low AMPA/NMDA ratio in Cx3cr1 KO.
When recordings were performed in conditions of high release probability (Ca 2+ /Mg 2+ ratio 8), no significant difference in failure rate was observed between AMPA and NMDA components in either genotype (Figure 7c,d) , suggesting a presynaptic mechanism.
Consistently, we noticed a correlation between AMPA/NMDA ratio and the number of failures in each component in all experimental groups (not shown). Notice that for Ca 2+ /Mg 2+ ratio 8 experiments, the AMPA failure rate was set at 10%-20%, in both genotypes for consistency with data illustrated in Figure 6c . The presence of presynaptically silent synapses in Cx3cr1 KO was confirmed by the Consistently, the analysis of CV ratios (CV-NMDA/CV-AMPA)
revealed that in Cx3cr1 KO the CV ratio was lower compared to WT (Figure 7f ), indicating a higher proportion of silent synapses in the KO. Remarkably, when recordings were performed in high Ca 2+ / Mg 2+ ratio, the CV ratio of EPSCs did not show differences between genotypes (Figure 7g,h ). These results indicate that the higher number of failures in Cx3cr1 KO is due to the presence of presynaptically silent synapses. Notably, CV analysis also indicates that the synaptic defect of KO is not restricted to a specific subset of low probability synapses. Altogether, these data demonstrate the presence of presynaptically silent synapses in Cx3cr1 KO mice, suggesting that AMPA/NMDA ratio could be influenced by presynaptic
properties.
3.6 | Increasing release probability rescues immature synaptic properties (Figure 8a,b) . These results indicate that the AMPA/NMDA ratio is at least in part controlled by presynaptic parameters and that in Cx3cr1 KO, low release probability is responsible for the observed low immature AMPA/ NMDA ratio. To test whether the defect in functional connectivity of Student's t test; t = −0.096, p = .925. Mean AE SEM vs KO PPR: 0.99 AE 0.08; t = −0.756, p = .457, t test; data not shown), indicating a high release probability. However, the increase in release probability was not sufficient to rescue defect observed in Cx3cr1 KO shown), indicating that the defect in connectivity is not solely based on a reduction in release probability, but involves a reduction of efficiency or number of functional synaptic connections in Cx3cr1 KO.
We previously reported a significant decrease in the ratio of amplitudes of spontaneous action-potential dependent (sEPSC) and miniature (mEPSC) synaptic currents in CA1 of Cx3cr1 KO mice, in the absence of differences in the amplitude or frequency of mEPSCs between the two genotypes (Zhan et al., 2014) . We interpreted this defect in synaptic multiplicity as a failure in the maturation of strong synaptic contacts in KO mice Zhan et al., 2014) .
However, our present results, showing similar potency between WT and Cx3cr1 KO, make it unlikely that the difference in sEPSC/mEPSC amplitude ratio in the two genotypes is the result of a change in the number of synaptic release sites and we wondered whether it could be associated with the lower release probability of KO animals. not shown). Remarkably, under conditions of high release probability, TTX application (1 μM) caused a significant decrease in current amplitudes both in WT (Figure 8c -e) and Cx3cr1 KO slices (Figure 8f-h ), suggesting the presence of multiple synaptic contacts. These data show that Cx3cr1 KO have typically multiple synaptic contacts and the defect in sEPSC/mEPSC amplitude ratio seen in KO mice is a consequence of the low release probability in this genotype. Altogether, these findings demonstrate that the immature synaptic properties observed in Cx3cr1 KO mice are largely dependent on a reduced reliability of neurotransmitter release and can be corrected increasing the release probability.
| DISCUSSION
Our study shows that neuron-microglia interactions profoundly influence synaptic function in the developing hippocampus. The absence strong input/output responses. These data add to and clarify the previously reported failure to increase synaptic multiplicity Zhan et al., 2014) . Here, we show that immature synaptic properties are the result of a profound deficit in presynaptic release probability. Reversing this deficit restores normal AMPA/NMDA and synaptic multiplicity.
It has been previously shown that neuron-microglia communication mediated by fractalkine and its receptor CX3CR1 is necessary for normal brain development. Indeed, Cx3cr1 KO show both microglia and synaptic defects (Hoshiko et al., 2012; Pagani et al., 2015; Zhan et al., 2014) , although microglia properties are reported to normalize during development (Arnoux et al., 2013; Hoshiko et al., 2012; Pagani et al., 2015; , while synaptic deficits persist into adulthood (Zhan et al., 2014) . Initially, we analyzed several additional features of microglial morphology in hippocampal slices taken during the 6th-7th PNWs and found that microglia in Cx3cr1 KO mice show larger soma, reduced branching, and smaller arborization area. We also observed differences in the basal motility of microglial processes with Cx3cr1 KO processes being shorter, but traveling longer distances than WT controls. We reason that this phenotype could be a consequence of the need for microglia processes to scan a larger area in KO, due to the reduced branching in this genotype. Previous reports indicated that in the CA1 hippocampal area of Cx3cr1 KO males, microglia have increased soma size and morphological index (Milior et al., 2016) along with reduced (Pagani et al., 2015) or slightly increased ramification (Milior et al., 2016) . Similarly, microglia within the dentate gyrus (DG) of Cx3cr1 KO animals were recently shown to have increased cell body area (Reshef, Kreisel, Beroukhim Kay, & Yirmiya, 2014) . It should be mentioned that Milior et al. (2016) used older animals (12-16 weeks) and reported larger arborization areas. We cannot exclude that discrepancies in the results are influenced by detection, as these authors used and a different approach for analyzing microglial morphology. By contrast, other authors reported no differences in microglia morphology in the DG of both adult female and male Cx3cr1 KO (Hellwig et al., 2016; Sellner et al., 2016) . Notably, despite similarity in the morphologies, KO microglia showed features of activation restricted to DG area (Sellner et al., 2016) , indicating that microglia function is influenced by local clues and that the correlation between morphology and functional state is not always predictable. Indeed, microglia are known to be sensitive to subtle environmental changes (Wolf, Boddeke, & Kettenmann, 2017) and cannot be considered as a single entity, presenting varied distribution and morphology within the CNS (De Biase et al., 2017) , alongside brain region-dependent differences in gene expression (Doorn et al., 2015) , bioenergetics, and immunophenotype (Grabert et al., 2016) . Specifically, the microenvironment in which microglia evolve influences their tissue-specific identities due to a selection pressure for exclusive gene enhancers (Gosselin et al., 2017; Lavin et al., 2014) . Finally, it has to be considered that discrepancies in the literature could also arise from the age, sex or environmental conditions, including health/housing status of the animals used. Microglia react to stress stimuli (Bollinger, Bergeon Burns, & Wellman, 2016; Tian et al., 2017) and may undergo genotype-specific changes following different types of environmental challenges (Hellwig et al., 2016; Maggi et al., 2011; Milior et al., 2016; Reshef et al., 2014; Winkler et al., 2017) . Collectively, the described heterogeneities could explain some area-and context-dependent microglia properties. Nevertheless, there is a consensus that microglia function in Cx3cr1 KO is altered, displaying a reactive-like, disinhibited phenotype (Limatola & Ransohoff, 2014) . This is in line with the higher phagocytic index reported in Cx3cr1 KO microglia (Milior et al., 2016) and the lower expression of K ir (Pagani et al., 2015) . The latter phenotype is likely to be relevant for microglia function in the unstimulated and antiinflammatory states (Lam & Schlichter, 2015) . Overall, one or more of these microglia phenotypes are likely to underlie the failure of synaptic maturation seen in Cx3cr1 KO animals, possibly by interacting with environmental stimuli to influence brain function (Hellwig et al., 2016; Milior et al., 2016; . However, the precise cellular and molecular mechanisms by which microglia influence synaptic maturation remain obscure (Pfeiffer, Avignone, & Nagerl, 2016) and the remainder of our experiments were aimed at describing more precisely the synaptic deficits associated with deficient neuron-microglia signaling.
We found that hippocampal CA1 synapses in Cx3cr1 KO mice display a strong synaptic deficit, characterized primarily by a low release probability. This conclusion is based on the analysis of three parame- , conditions that impose high release probability. The higher PPR, together with the higher failure rate observed under conditions of minimal stimulation, strongly argues for a reduction in the probability of transmitter release in KO mice (Stevens & Wang, 1994) . Moreover, our results in the minimal stimulation paradigm, showing that the potency is normal in KO synapses, and the previously reported similar mEPSC amplitudes in WT and KO (Zhan et al., 2014) argue against a postsynaptic mechanism, like those reported previously (Cantaut-Belarif et al., 2017; Ragozzino et al., 2006) . In addition, we found no differences in the increase in potency, typically seen at high release probability, suggesting that the number of release sites or vesicles is unchanged in the KO (Isaac et al., 1996; Stevens & Wang, 1994) . Although we cannot distinguish between the release of multiple vesicles from a single release site or the existence of multiple release sites, our interpretation is consistent with the model of multi-quantal CA1 synapses, in which a single action potential may induce the release of more than one vesicle from the same release site (Conti & Lisman, 2003; Ricci-Tersenghi, Minneci, Sola, Cherubini, & Maggi, 2006; Singh, Hockenberry, Tiruvadi, & Meaney, 2011) . Thus, the most likely scenario is that CA3-CA1 synapses in
Cx3cr1 KO have multiple release sites operating at low probability. For example, CA1 synapses in Cx3cr1 KO mice show (i) decreased spontaneous/mini EPSC amplitudes, a feature that is evident from the 3rd PNW (Hsia et al., 1998) ; (ii) reduced AMPA/NMDA ratio, PPR, and input/output curve from the 6th PNW. Furthermore, the transient increased spine density appears at the 3rd PNW . Indeed, AMPA/NMDA ratio is known to increase during the development of glutamatergic connections (Hsia et al., 1998) , due to the delayed inclusion of AMPARs at glutamatergic postsynaptic sites (Durand, Kovalchuk, & Konnerth, 1996) and a reduction in the AMPA component is generally interpreted as a defect in synaptic maturation (Constantine-Paton & Cline, 1998) . It is important to point out that a similar reduction in AMPA/NMDA ratio has been reported in thalamo-cortical synapses in the developing barrel cortex of Cx3cr1 KO mice, where it was associated with a delay in the migration of microglia into the cortical barrels (Hoshiko et al., 2012) . However, in our case, unlike that found in the barrel cortex, AMPA/NMDA ratio persisted into adulthood, suggesting a failure to recover this maturation deficit in the hippocampus. The decreased probability of release seen in Cx3cr1 KO mice is harder to understand as a maturation deficit, as release probability is reported to decrease during hippocampal development (Wasling et al., 2004) . However, this phenomenon is restricted to the 1st-2nd PNWs; and another study found that release probability increases at later developmental stages (Dumas & Foster, 1995) . Consistently with this report, our data show a developmental decrease in PPR in WT CA1 synapses, accounting for an increase in release probability. Again, this change is apparently absent in the KO, displaying decreased probability of release at 6th-7th PNWs. In our study, the decrease in release probability was strictly dependent on the failure rate and, most importantly, limited to the AMPA component of EPSCs and thus undetectable by the MK-801 approach (Hessler, Shirke, & Malinow, 1993) used in most studies. Somewhat unusually, in Cx3cr1 KO mice a higher number of AMPA versus NMDA failures was observed, while the two components were similar in WT animals. This could depend on the persistence in Cx3cr1 KO of silent synapses, containing only NMDARs and thus detectable only at depolarized potentials, or on the presence of presynaptically silent or inefficient synapses. Some of these, releasing a reduced amount of glutamate, only sufficient to activate high affinity NMDARs, but not AMPARs (Singh et al., 2011; Voronin & Cherubini, 2004) , possibly due to the properties of the fusion pore (Renger et al., 2001; Yoon & Choi, 2017) . Overall, our findings lead us to hypothesize the enrichment in Cx3cr1 KO mice of these pseudo-failing synapses, reported in the immature rodent CA1 (Gasparini, Saviane, Voronin, & Cherubini, 2000; Yoon & Choi, 2017 (Korber & Kuner, 2016) . In contrast, the properties of Cx3cr1 KO could be explained by the presence of a subpopulation of postsynaptically silent synapses predominantly active at physiological conditions. In this view, the effects observed at high Ca 2 + /Mg 2+ ratio should be the consequence of the recruitment of previously inactive synapses, characterized by normal postsynaptic properties, but low release probability. The presence of population of synapses characterized by different release probability is supported by the presence of two populations in the MK801 data.
However, it should be noted that the incomplete recovery of input/output curve in Cx3cr1 KO, under conditions of high Ca is further supported by the reduction in multisynaptic boutons type 1, previously reported in Cx3cr1 KO (Zhan et al., 2014) . Thus, microglia dysfunction would impact also on circuit architecture in the KO, likely interfering with the structural remodeling of synaptic contacts (Weinhard et al., 2018) . Indeed, microglia are known to interact dynamically with axon terminals (Tremblay et al., 2010) and they have been recently proposed to preferentially exert effects at the presynaptic level, by partial phagocytosis, or "trogocytosis" (Weinhard et al., 2018) . Interestingly, depletion of microglia has been shown to alter presynaptic protein levels with known roles in synaptic function, likely affecting glutamate release (Parkhurst et al., 2013) . Despite these intriguing observations, the precise role of microglia in controlling the function of the presynaptic terminals and the strengthening of the synapses remain elusive. Some factors that affect glutamatergic transmission, such as BDNF of Il-1beta, TNFalpha, or ATP/adenosine (Piccinin et al., 2010; Sallert et al., 2009; Santello, Bezzi, & Volterra, 2011) , can be involved in microglia-mediated presynaptic modulation, eventually through complex intercellular loops (Pascual, Ben Achour, Rostaing, Triller, & Bessis, 2012) . These processes may be lost in the absence of fractalkine/CX3CR1 signaling, likely constituting a specific attraction clue between synapses and microglia processes and influencing the pattern of microglia-neuron contacts (Reshef et al., 2017 ).
Our findings demonstrate the existence of a highly specific role for neuron-microglia signaling in the maturation of glutamatergic presynaptic function during hippocampal development. We hypothesize that when such signaling is compromised, the postnatal refinement of synapses fails, leading to the formation of weaker and less functional contacts in which the reliability of glutamate release is impaired.
Although we cannot entirely rule out more complicated mechanisms, including the above mentioned presence of subpopulations of synapses contributing preferentially to the KO deficit under different conditions of stimulation, we favor the interpretation that the KO phenotype is primarily the result of a presynaptic maturation deficit.
In contrast, an intriguing way to explain our results, would be that synapses continuously need microglia interaction (by contact or soluble factors) for their correct functioning (Cantaut-Belarif et al., 2017; Parkhurst et al., 2013) . Further studies will be necessary to understand the cellular and molecular mechanisms underlying the specific effect of microglia on presynaptic function and to determine whether similar processes are important in the development of other brain structures and in synaptic plasticity during normal and pathological states in adulthood (Parkhurst et al., 2013; Schafer et al., 2012) . Noteworthy, the CX3CL1/CX3CR1 chemokine system is not involved in early or late forms of activity-dependent visual system plasticity (Lowery, Tremblay, Hopkins, & Majewska, 2017; Schecter et al., 2017) , indicating that fractalkine is not a universal regulator of synaptic plasticity, but has probably heterogeneous roles in specific brain regions and life stages.
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